Abstract This paper presents the results of aluminum surface treatment by diffuse coplanar surface barrier discharge. The goals are to study the effectiveness of the plasma treatment and the dependence of its efficiency on operation parameters, such as sample-to-electrode distance, treatment time or gas atmosphere. Three types of aluminum materials (bricks, sheets and thin films) were tested to ensure the reliability of the treatment. The changes in the surface properties were characterized by the surface free energy, atomic force microscopy, attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR) and X-ray photoelectron spectroscopy (XPS). The influence of aging effect on the treatment was also measured and discussed.
Introduction
Non-thermal cold plasmas operating at atmospheric pressure are one of the most promising approaches to prepare the surface for further processing, like painting, bonding, coating etc [1] . The plasma has shown high efficiency for the pretreatment of textiles [2] , plastics [3] , wood surfaces [4] , metals/metal oxides [5] and other materials. Variety of power supply, electrode geometry, working gases and precursors opens a wide research field for each particular application. This particular work is aimed at those scientific and industrial sectors where large plane metal surfaces need to be pretreated [6] . The main difference of this work compared to other research works lies in the plasma electrode construction. The use of different types of plasma jet, corona or volume dielectric barrier discharge plasma sources is often reported for surface preparation. Generally the plasma pretreatment is described only as a tool and only the positive effects on further processing are typically shown. For example, surface cleaning by the dielectric barrier discharge plasma was stated by POLLINI et al [7] . The positive impact of plasma pretreatment on an aluminum surface was shown in the works of KNOSPE [8] and YAMAMOTO et al [9] . However, we strongly believe that a more in-depth study is still needed to understand the processes on the surface exposed to atmospheric pressure plasmas.
The main disadvantages of previously used sources are their local work-area, and thus there are issues with scaling. The diffuse coplanar surface barrier discharge (DCSBD) is constructed as a panel, where the plasma is generated in the form of a thin layer (approximately 0.5 mm) above the dielectric electrode surface. Therefore to treat large surfaces, a few coplanar electrodes can be placed together to increase the treated area [10] . Because of the aforementioned geometry constraints (the thin plasma layer limits the size of surfaces to be treated), it is crucial to estimate the treatment effects related to the distance between the sample surface and the plasma electrode. The standard evaluation technique for surface treatment using plasma is the wettability tests or the surface free energy measurements [11] . Infrared spectroscopy is not typically used for the study of metal surfaces, but rather for polymers and liquid solutions. We found that the attenuated total reflectance FTIR was often used on metallic surfaces to study the interface between metal and polymer coating [12] , adhesion silane layers [13] or epoxy layers [14] . However we found that FTIR spectroscopy can also be applied to the aluminum surface.
The surface morphology also plays an important role. It was shown that certain specific morphology is responsible for the better adhesion [15] . The atomic force microscopy was chosen as preferred technique, because the effects, like etching, melting etc. are not present in typical cold plasmas.
The chemical composition is almost always used for surface change characterization. By fully using the capabilities of X-ray photoelectron spectroscopy, a lot of details about the bond structure can be observed [16] , but in this study we used it to track the changes in the surface chemical composition as well as study the changes in the bond structure.
The aim of this paper is to present the results of DCSBD plasma treatment of aluminum surfaces and the optimization of treatment parameters. The treatment parameters studied are the sample-to-electrode distance, treatment time and treatment gas. The positive effect of the plasma treatment, i.e. the increase of hydrophilicity, will be presented and the reasons for this are discussed. The measurements of hydrophobic recovery, or the so-called aging effect, will also be presented and discussed.
Materials and methods

Three types of aluminum surfaces were studied. They were: a. cut from 5 mm aluminum bricks (material mark EN 1050A; at least 99.9% Al content); b. cut from a 1 mm thick sheet (material mark EN 1350; at least 99.5% Al content); and c. cut from thermally evaporated aluminum films (at least 99.99% Al content). Cleaning with detergent and further chemical cleaning in a 1 : 1 mixture of isopropanol with cyclohexane was done for the first two types of the samples. Thermal evaporation were done on glass substrates in a vacuum chamber at a pressure of 10 −3 Pa. Deposition was conducted until the film thickness was 400 nm, which was controlled by a quartz microbalance. The thin film samples were used without any precleaning. Prior to plasma treatments and further analysis all samples were kept in air for one day. The samples used for the wettability tests were 10 cm×3 cm, the samples used for the atomic force microscopy, FTIR and XPS measurements were 1 cm×1 cm.
To organize the results, each sample type was assigned a code, as shown in Table 1 , and the corresponding measurement techniques are also shown in Table 1 . 
Plasma treatment
The plasma electrode (coplanar electrode or the so-called diffuse coplanar surface barrier discharge) was produced on alumina ceramics with a size 26 cm×9.3 cm. The schematic of the electrode is presented in Fig. 1 [17] . Silver electrodes were evaporated on the bottom side of etched channels, which are 1.5 mm wide with 1 mm distance between them (comb-in-comb structure). The discharge was powered by AC voltage (max. 20 kV p−p ; approx. 14 kHz) supported by a Lifetech VF700 power supply. The plasma was generated in an area of 20 cm × 8 cm, where thirty eight metal stripes were produced as shown in Fig. 2 . The plasma treatments were performed at atmospheric pressure and room temperature. The samples were treated while moving above the coplanar electrode with a constant speed. The distance between the sample and the electrode was changed over a range from 0.1 mm to 0.9 mm. The plasma was operated in a closed (not vacuum-tight) chamber. When operated in ambient air (with a humidity of 40% relative humidity (RH)), no airflow was used. When nitrogen (99.95%) was used as the plasma gas, prior to plasma treatment the chamber was flushed for 2 min with a flow rate of 4 L/min. Due to the location of the gas inlet and outlet, the effects related to the gas flow can be neglected. The plasma treatment time was changed from 1 s up to 20 s. The applied power varied in the range from 280 W to 380 W as measured by Energy Check 3000 from Voltcraft.
Surface diagnostics
The surface free energy (SFE) measurements were performed using the surface energy evaluation system (SEE System; Advex Instruments s.r.o.). This technique is based on the sessile-drop method. This method relies on Young's theory that describes the equilibrium between solid, liquid and gas phases and can obtain the value of the SFE depending on the contact angles of test liquids with defined values of surface tension. Six test liquids were used in this work, as recommended by the measurement procedure supplied with the device manual. Typically only two or three liquids (depending on the model) are necessary to use the calculation model. However, if more liquids are used, i.e. more equations are added for the same number of unknowns, the measurement results are more stable and reliable (in this case the calculation model is also called the regression model). The contact angle was estimated as the average of 10 droplets each of 2 µL. These were water, glycerol, formamide, ethylene-glycol, diodomethane and abromonaphtalene. The surface tension and its dispersive and polar components for the chosen test liquids are shown in Table 2 . To calculate surface energy the Acid-Base regression model was used [18] . A ThermoMicroscopes Autoprobe was used for the AFM measurements. The measurements were carried out in ambient air using standard AFM tips in the contact mode.
ATR FTIR measurements were done on a Bruker VERTEX v80 spectrometer. It was equipped with a MIRacle single reflection diamond ATR plate. Spectral measurements were conducted at a pressure of 250 Pa in the range from 600 cm −1 to 4000 cm −1 with a spectral resolution of 4 cm −1 . Each FTIR spectrum was obtained as an average of 50 scans, and the spectra for each sample were measured at four different places to ensure the homogeneity of the treatment.
The XPS measurements were performed using a hemispherical electron analyzer (VG MKII) and a nonmonochromatized Al Kα X-ray source at an energy of 1486.6 eV operated at 500 W. The base pressure in the analysis chamber was smaller than 5×10
−10 mbar during the XPS analysis. The XPS spectra were recorded at a pass energy of 100 eV. The carbon peak at 284.5 eV has been chosen for binding energy calibration. The calculation of chemical composition was done by CasaXPS software.
3 Results and discussion 3.1 Dependence of contact angle on surface roughness
The value of the droplet contact angle that was put on a smooth solid surface can be calculated by Young's theory. Real metal surfaces may usually have a rather high surface roughness due to manufacture and postmanufacture processing, such as rolling, hard polishing, etc. The value of the rms roughness may reach 1 µm with more than 100 µm peak-to-peak. The surface roughness influences the wetting of the droplet on the surface as well [19] . The measurement of the roughness of the real metal surface is not as easy as it may look, because there are numerous non-uniformly distributed scratches on the surface. For the chosen samples, a few series of measurements were done to estimate the value of roughness. The procedure was as follows: a. using the AFM area scan (50 µm×50 µm), we obtained images from five points that do not have visible scratches; b. the rms roughness was calculated as average value from the values of five measurements; c. the values of water contact angles and the surface free energy were also measured for each sample type. The overall results are presented in Table 3 . Note that the surface free energy evaluation is based on the values of contact angles. The quantitative result of the SFE estimation is limited by the highest surface tensions of used test liquids. In our case this is distilled water with a surface tension of 72.8 mJ/m 2 . Due to the low roughness of the samples AL3 becomes hydrophilic in less than 1 s after plasma treatment (the surface free energy reaching 72.8 mJ/m 2 ), the samples AL2 surface is highly scratched and the error of contact angle measurement is rather high (it can be as high as +/ − 10 o ). For example, for deionized water the error of the contact angle was 8 o . Therefore it was decided to present and discuss the SFE measurement results for sample type AL1 only.
Treatment optimization
The surface free energy technique is probably one of the fastest and easiest methods to estimate whether the treatment is efficient or not. Based on the literature [20] and our preliminary experience the cold air plasma treatment of aluminum leads to a significant increase of the surface free energy. The variation of the SFE versus the treatment time (distance 0.3 mm; power 300 W) is shown in Fig. 3 . Straight lines represent values of the SFE for the untreated aluminum surface. From our experience for a power of 300 W and a distance of 0.3 mm the required treatment time should be more than 3 s. The increase of the SFE is mostly due to the increase of its polar component and can be explained by the generation of polar groups, which in the case of aluminum substrates are expected to be OH groups [21] . Fig.3 The SFE of aluminum AL1 versus the plasma treatment time: ( ) total surface free energy, ( ) polar component, ( ) dispersive component. Distance 0.3 mm, power 300 W
The variation of SFE with applied power is shown in Fig. 3 . From both Figs. 3 and 4 it is clearly seen that to achieve high wettability the specific energy must be transferred to the surface. In other words, faster treatment will require higher power and vise versa. The power that will be used in further experiments was set to 320 W. To determine efficient plasma thickness the SFE for AL1 samples was measured for different distances between the sample and the coplanar electrode, and the results are shown in Fig. 5 . It is apparent that the thickness of the plasma layer is approximately 0.5 mm in ambient air for the metallic substrates. Therefore, we decide to use the distance of 0.3 mm in all further experiments. Note that the changes in SFE correspond to the changes of its polar component. The values of SFE and its polar component for the untreated aluminum are marked as solid horizontal lines. 
Treatment in air and nitrogen
A typical ATR FTIR spectrum of the untreated aluminium surface is presented in Fig. 6(a) [22] . We found that for a treatment time less than 10 s (power 320 W, distance 0.3 mm) the FTIR spectra obtained from different spots of the sample are significantly different, showing the treatment was nonhomogeneous. It was decided to present the stable spectra for a longer treatment time in air and nitrogen. These spectra are shown in Fig. 6(b) and (c) , respectively. The inverse peak direction after the air treatment can be explained by the insufficient calibration of the device for small signals. The typical signal intensity of the obtained spectra is about 0.01 in arbitrary units, whether the typical peak intensity is of the order of 0.1∼0.3 a.u and higher.
The FTIR peaks changed after plasma treatment in air and nitrogen in a similar way. Firstly, all the peaks related to hydrocarbon vibrations were diminished from the spectra, thus showing the cleaning effect of the plasma treatment. Secondly, the wide band of water and -OH vibrations was transformed into two peaks at 3182 cm −1 and 3587 cm −1 . The first peak is related to strongly bonded -OH groups and the second − to the weakly bonded -OH groups [23] . This result correlates with the SFE measurements presented above, explaining the changes on the aluminum surface. The difference in FTIR spectra between nitrogen and air plasma (in air plasma peaks going below zero) most probably arises from the presence of oxygen and hydroxide radicals in air plasma that enhance the plasma treatment efficiency.
The cleaning effect of plasma was measured using the XPS technique as well. Due to the limitations of sample size, the XPS measurements were done on samples A typical O 1s peak at high resolution is presented in Fig. 7(a) . Note the presence of a major oxide component at 530.6 eV. The small peak at 533 eV can be attributed to the physisorbed water on the surface. After treatment (Fig. 7(b) ) in air plasma the O 1s peak contains an additional component at 532.1 eV that can be attributed to aluminum hydroxide. The presence of this peak proves our hypothesis about the generation of OH radicals on the aluminium surface, also known as the hydration of the thin oxide layer formed on the aluminum surface. Similar changes were observed for other sample types as well. 
Aging effect
The aging effect mentioned in the introduction means that hydrophilic surfaces (after plasma treatment) will exhibit hydrophobic recovery as time elapses [24] . Estimation of aging can be performed by measuring the change of the water contact angle. The typical variation in the water contact angle with storage time is shown in Fig. 8 for type AL2 samples. All three sample types showed similar variations, after approximate one day the value of the contact angle was getting saturated.
A rather unexpected effect was observed in the aging curves for different treatment times. The results of aging measurements for plasma treatments of 3 s, 6 s, 10 s and 20 s are shown in Fig. 9 . Note that the increase of the treatment time correlates with the rate of hydrophobic recovery. After one day the values of contact angles corresponding to different treatment durations are all equal to one another within the range of errors. Two main reasons for the aging effect of plasma treated metal surfaces were found in the literature. They are the re-adsorption of airborne hydrocarbon contaminants and the surface chemistry of the activated aluminum surface [25] . The important role of hydroxide surface groups is shown in the work of THORNE et al [26] , where the hydration of aluminum oxide was changed depending on the air humidity while in storage.
We suppose that both hydration and hydrocarbon readsorption are the reasons for aging. The aging can be explained this way: more chemically active OH groups on the surface are leading to a higher rate of contaminants sorption. To prove this hypothesis additional XPS measurements were carried out. Samples treated in air and nitrogen were stored for 4 days in ambient air, then the XPS measurements were done. The carbon content for samples treated in air plasma increased from 5.8% to 15.3%. For the sample treated in nitrogen the carbon content increased from 10.6% to 12.1%. It is clear that in air plasma more OH groups were created on the aluminum surface, leading to higher readsorption rates.
Conclusions
The treatment of three types of aluminum surfaces using an atmospheric pressure diffuse coplanar surface barrier discharge plasma source was presented. Basic parameter optimization was carried out to achieve the highest wettability. It has been shown that the plasma treatment with relatively short time can significantly improve the wettability of aluminum surface. The initial surface state (both chemical composition and morphology) is as important as the plasma treatment conditions. As was shown, different surfaces require different treatment times to achieve the same hydrophilicity. For example, sample AL2 needs at least 10 s of treatment with an applied power of 320 W and a distance of 0.3 mm, while sample AL1 needs 1 s treatment with the same power and distance, resulting in such surface modification that the SFE value reaches measurements limit of 72.8 mJ/m 2 . The effects of plasma treatment on the aluminum surface were characterized by FTIR and XPS techniques. The plasma treatment combines surface cleaning (hydrocarbon peak removal on the FTIR spectra and a carbon content decrease using XPS) with OH group generation or hydration of aluminum oxide (increase of the polar component of the SFE, an increase corresponding to OH vibration peaks on the FTIR spectra and fitting routine of the O 1s HRXPS peaks).
An important technical issue of plasma treatment, i.e. the aging effect, was experimentally studied. Based on the measurement results and relevant literature we assume that the aging effect is related to the change of hydroxide groups on the surface. The subsequent hydrocarbon contaminant re-adsorption is a result of surface reactivity, governed by the OH groups.
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